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— Exact Solution

—— Uniform Approximation, |, Order
~ ~ Uniform Approximation, 2. Onder ]
— Slow-Roll Approximation, 1. Onder
— Slow-Roll Approximation, 2. Onder
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Quanrvre  Merrowess

b

QuAaNTUM METHANICS 1S NOT TvisT ANOTHER THEDRY DERCRIBING

OYNAMICL, IT 1S FONDAMENTALLY DIFFERENT FRoM EVERYTHING

T+AT cAME QEFORE IT.

® N REAUTY TO sSvysTEm PROPERTIES ASCRIEED UNTIL THEY
ARE MEA SvRED.

VMO EAYES THEOIREM e

ENTANGLEMENT

® INTVITIVE REASONING
&

® MEASUREMENT BALK = ACTION

@

®

INTERFERENCE OF pPARTILES

AW (AN THE worRld RE UASSICAL WHEN THE FINDAMENTAL THEDRY

hoﬂ

DESCRIBING IT (£ MANIEELTLY NOT

FACED WITH TH7S PROBLEM, THNE PIONEERS PUNTED — QUANTIOM
sve, G-6.

MECHANICL TVET OID NOT APPLY 70 ‘&I15° SYsTEMS .\ N LANDAV JLIFSITS
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e Bomurum - CLassicay TRANSITION

1t
MODERN VIEN ¢ CLASLICAT MECHANICS £ AN “EMCRGENT PHENOMENON /

: /
Fo'’s — 8o's, )

] = N\fﬂo%h
® WHY DOES THE BALL OBEY NENTONS EQUATIONS RATHER THAN SOME

AvERALGED FormM OF THE SUHRODINGER EQUATION N
® WHY DONT WE SEE THE BALL IN SusERPOSITION STATES ¢ (ENSTENW)

o HWw DOES CHROL EMERGE ..N

COwviEPTUA L /ISSVES 70 FPoRMAL STRUCTYRE -—

® CinsSiCat ve. QUANTUM DCOYNAMICAL SYMME TRIES
® ACTIVE yL. PALSIVE MEASUREMENT

® LoLE OF K A5 A CONTROL PARAMETER
o THE MEANVING OF ORRESPINDENCE
o ALE OF TRAJECLTORIES

EssenpawyY A
PCACTICAM
RQUESTION o WANT
70 DESCRIRE THE

OUTCOME OF REAL
EXPRIMENTS

A5

o Los Alamos

NATIONAL LABORATORY




Gasseat vs. Qunrave Dvvarwres : Owe - Perices Grse

al
CLASE 1CA L
SYmPLECTIC .N\I\x..& . =k e 4+ Ve 2L 0np) Liovvnie
EVOLVT/ION W M I % EQUATION
HE Lruwerion umir PR ftnpy  vieess
. . ’ 2
x.«ﬂ%ﬂ , b= -V NEWTONS EQNS.
QUANTYUM AnALOG !
. 3N 22w 2A+1
Kluhs . - L UOD |y Yk, S =t 2) (% V)%, £,000
o o Qx W T (22)N N
I TRy et

EVoLYUTION 6 RK—o0 UMIT 18 SINGULAR

" \..« w F =) ~o TRATECTORIES AS &-FRNCTIONS

& CLASS)CAL LIOWILLE PLOw violLATES UNITATRITY
¢ * INITIAL CONDITION =~ PURE OMASSIAN ATYATE
HVDLONS THEODREM
o * EVOLVE cmlicar WoVVILLE Fov Per _ANY
CONLERVATION OF NONUNEAR  POTENTIAL
2 {3
TP « \.& d’ « poes e eviLver \v.ct SATISPY  GUANTUM  coniTRAINTS ?
(ze. 5 L a wihwewr ®Enction ?
f ?> Neol

(
A

» Los Alamos

NATIONAL LABORATORY



we OALLENGG Posed 8Y EXPERIMENTSR
C e J
e O AroMmS : DYNAMICS OF INOIVIDUAT
QvarneTum ORJELTS & (OHERENT
dvAnNTUm ENSEMELES (Bels)

0 QUANTUM NANOME L AWVICA L

SviTEMS ’ SUPER CLONDOVLT ING

OEvICES

® READOVT  SCHEMES,
ONTINVOYUS MEASUREMENTS,

STATE TOMO GRPHY

o QUANTUM (NnFoRMATION
PROCESSING, QUANTUM
FEEDBACK CONTROL

{

TRACTABLE And PREDICTIVE
THEORY OF MEASUREMENTS

ON  INDIVIDUAY QUANTY M
SYirems 'S REQUIRED

Ul

Detector

Controller

Computer or DSP
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NEASUREMENT THEORY A LA VON NEUMANN EXTENDED
g emm——

@ MEASUREMEWNT GIVEN BY COMPLETE SET OF ORTHoGONAT
PROTECTORS N.N.N\.v.....hx m.o. =1 %...\. ?v
® (F STATE PRIOR TO0 MEASUREMENTY )2 V , THEN
% PROBAGILTY OF ovrcorE ¢ s P < )R <\~.
* STATE AFTER MEASUREMENT 1S AV (nvormAuiaed)

s IS CEARLY INADEAUATE --

PoSITIVE __0PERATOR VALVED MEASURES (POVM:)) ProviDE
A4 MORE GENERAL CONCEPT OF MEASVREMENT . 3 A s&r oF

oreearons A; (ové ror €ACH OUTCOME ) S.T.

o A May varE PveE To MIXED STATES
N hm L._.u..“ /

@
® .\”. c [A:vI* Aln) pEFivED WA
® A;V (MIRMALIDED) PoST - MEASUREMENT .\n?\sv 252
4\31 & / Vx> doe
DEFINGS A NEPK
WeRt. ™MEAIVRENENTS  MersyremeNT JE 6 18
o DISTURE r~oLY  STATET SLIGHTLY LARGE

® LARGE UNCERTAINTY IN MEASURED OuTCcOME
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NEASUREMENTS , ﬂh)QﬂnﬂGhsa\ & COLASS/ICAL NEGHINCS
e,
® MEASURE POLITION — IF MEASUREMENT STRENGKTH [t STRONG ENOUAH,
THE SYSTEM LOCALIREL APTER THE MEASUREMENT

LY
L
.
—

¥ SUFEICIENTLY (OCALIRED S73TEM ¥ STRONG MEASYURE MENT PrRODYCGS
SHOULD ©0R€EY CSLASSICAL METHANICS LARGE BACK-ACTION NOISE

( enRenFesTs THEORT M) CAN TS TENSION BE
gesoLvesd 2

0@ CONTINUOVE MEASURE MENTS

* SEQUENLE OF NWEAK MEASUREMENTS , 8.7., (V) AL —D
(i) FINITE TIME OISTURBANCE 18 FINITE , Gil) INFORMATION GAIN
WerR  EiITE TIME # O

#» TYPICALLY, SutM A MEASUREMENT LIMITLE TO (i) AN UYNDERLYING
GAVLSIMY MEASYREMENT WITH FINITE VARIANGE /TIME (i) A RETORD
WHICH 1S A TrME  AVERAGLE OF THE UNDERLYING PROCESS

0 QuanTumM 7RA JECTORIES [Time evoLvrron )

® |/NFEReED SYSTEM LTATE (£ OUR KNONLEDGE OF (T WNDITIONED

&Y (i) VR ASSUMPTIONS REGARDING LvireM eVoLuYIon | () RESULTS

OF ML PrRT MEASUREMEVTS MADE oW IT
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CENTRATL MESSALE ! NO ORIERVED TRATIECTORY WITHOUT
osscrvation I

® CLASSICAL TRATECTORY Q o

LECORDE |NFERRED STATE
OF A CLASSICAL SYSTEM ¢

® A CLASSICAL TR ATJECTORY
(S A MAP FROM T)ME TO0 PHASE SPACE

o QUANTYM TRATECTORIES KRECORD /INEGCRRED STATES OF A QUANTYM SYSTeM

o A QuanTUM TRAJECTORY & A MAP PROM TIME To STATE SPACE

o IF, AT ALL TimES THE INFERRED JLTATE LOCALIZED IN PHALE SPAG,
AUANTVM TRAIECTORIES <coueD BE APPROXIMATED BY MAPS FrROM

TimE TO PHASE SPACE
p\ox f---
LOCALI 2ATION
@ JSvuPPOsE, For SOME REASON .234* n LOCAUSED . THE EXAcLY
EXpeecsions  <x> = <KDfje . <hD = CFME>

cans B APPROXIMATED &Y <h>= FKx>¢) Provided

<Fmy= Flovys &) ) .-
\

O wpenN & B DOES TS NENTONIAN crmeT ARISE ..V
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covprTronnr. QuANTUN  EVOLUTION
——

K\ A A
m?v?& s [1-adtfL s nscc».w*k.mz ?F\h.v (% eo\.\&?\vc
+ .\%l.bﬂ b W\xlevv&\x&\v Y 3 .vw:\t\_.\\v
: CoNDITIONIN G = . 0pr )
dr= <x>dt + J W QUANTYUM GBACK-ACTION
B Jkn * K —» PararmeTeioes SreewaTh
MEASLURE MENT RETORD OF MEASVRGMENT

—p WMITE NOILE
ANALYTICALLY INTRACLTA QLE - - ﬂ

IHENCY OF MeALUVREMENT
® SOLVE viA GRUTE ForCE W=

ON PARALLEL SUPERCOMPUTERS

® IN THE LoCcacIED LIMIT, APPLY CUMULANT EXPANSION
A THS YierbS THE LOCALIZATION CONDITIONS

EERRLIENL [1axFI t MEASUREMENT DOMINATES
conpimon 2 %wb » .\w‘“\ hu“wlhlx NSRRIV
2 [%F! £ [JIeE] MensveTmenT NaITHER
\4h << Mo« M T WEAK oe Tve STRONG
Warhﬁ NO@-.W / TEWINCATL CONVDITION ON

AVERAGING
TR0, kT PRL 2000
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201

TYPICAl QUANTYUM TRAJECTORY sl
Fok OUEPING OSULLATOR wiTH -10f
INEQUALITIES SATISFIED : LON NOUE 18
(EmooTH TRATECTORY), SMALL =

Aod QBOUNDED wWIDTH
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CUACS IN TNE DEEP QUANTUM RE%IME
%
® (£ THERE CHAOL WHEN LOCALIZATION CONDITIONS At

VIOLATED (2.6 GHRENFEST TweoREm 0OES WNoOT APPLY ) 2

THE TRAJECTORIES NON HAVE NO CLASSICAL INTERPRETATION -~

$0, PUT AwNOTHER WAY, THE GUELITION N3
DOES QUANTUM  CHwoS mx.:..w

Fix h AND SYSTE MATICALLY MEASURE LYAPYNOV EXPONEVIS
VARY MEASURE MENT STRENGTH AND CONITRYET STROROSCOPIC

MPPS

® MULH NMUMERICAL CARE IS NEEDED, SUPERCOMPUTERS ESENT/AL

NIRVANA (02k, ALL) ; BSC (MPHA, LANL) ; MCURIE (TXE, NERSC) ;
SEABORG (SP3, NERSC); ==~ =~

® NEW METHOD FFoR DETERMINATION oF LyapuNOVY CEXPONENTS FOR

QUAN TUM TRAJECTORIES - KkEY ADVANCE

# NUMERICAL WUNEARIATION - GS ON ®BULL S€r oF

sSvoeratTie, CANDITIONGD , PDEs
w METHOD TEETED vERLVA SYMPLECTIC TESHNVIGUE (v ODE CiAsE
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et
° LYAPUNOV EXPONENTS f
o, s LS
£2 50
MTERNATIVELY | £ Fraey ; 4Z . DFae 2
Y o Y
ZH>= My, . Az bm [(MMT] 0

tCon
THE EIGENVALVES OF A YiEdL THE (YA PUNOV S PECTRUM
® DIFPICULTIES WITH EBVALVA TING ¢
# EXPONEWNTIAL GROWTH OF VECTORS
W EXPONENTIAT CONVERGENCE

o SYMPLECTIC EVALUVATION OF N

* CARTAN REPRESENTATION OF Mit) socves @&OTH BROBLEMS
W METHOD YIELDS EXALT  OLEs FRR )\ (t)

il

@ HOW TO APPLY TYTRADITIONAL  METHODS SH, RR, PRL I??S
70 QuaNTUM (OR CONDITIONGD  CLASIICAL) QR fi, RR, PRL 1118
A JEC TOR 1ES N
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LYAPUNOY EXPONENTS FRR <0)
et

™HE STANDLAMED DEPNITION PR THE LYAPUNOV @XPONENT /S Fomr 0ODGs,
BUT NON WE HAVE CONDITIONGED DISTRIBUTIONS ! THE PRoELEM
1S O0-DIMENLIONAL N A NONTR/VIAL WAY (AL30 STocHPRT/IC \v

ds . b, (Ceq W

. F0Oy + JTkw Cu Y

*  m T

M. 2 Gy bk T+ JERy Kaexx T

P g 4

Lﬂﬁ» « ZA% - Ko nxw + 20 FCrp 4+ UF Kunp +/Eky kuxp ¥
o <P =<0 o owe <D

Tttt Vp = (P2 = CPYT |

o How To uNEARIZE Tme T Crp = 3 <xP+ Px ~<xP<P?
UNLOLVED  PROEBLEM -- Kopes < abei) = rab:p<ep - <a)(ibe:)p

—iac Dby + 2KadCbrLe)
® NEvERTHELESS, A TIME SER/ES EXISTS -~ APPLY BRUTE PRCE

ANALY SIS
w  WoRKS N ‘lamsicar’ REGIME

w Pt ~ ()" x 1. QUANTUM REAIME
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logd

hbar=1e-2 and k=1

-——

0
0 ]
R_ LYaPvnov TVEE !
e THE ErroNeNT) A REG/IME
_ L)
-4 h=1e-2 k=1
o Kurt res h=1e-5 k=1e5 |---
|m I..__n =1
I NNSE€
_~_~ OOMINATIN
-8 ! I i 1
0 2 4 6 8 10
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® OGENGRAUDED DEFINITION 0OF L YAPUNOV EXPINENT

%nu A‘Ou.\m.\n.snv o= A.\su.\m\*.ﬁv

S 3
COMPARILON iasqmn.s.mw‘ B bUCIAL ‘TRADECTORY ’

IN MEALURED CALE MAS

THE CAME NOILE AL THE 'V.n?& .Pha\ \

PIDVE 1P TRATECTORY AT o,
d,-»o0
IN TRE (OCAUIED (LIMIT THMIL REDucER To THE CONVENTION L

PEEINITION OF YHE MAXIMAL  LYAPUNOV EXPONENT

® CclLoLeD SYSTEM QuANTUM OYNAMICS 18 QuAt)- PERIDBIC,
HENCE NON=- CHATTIC . APPLYING (i) THE SCwwrRE INERVAUTY,
(i) VNIPARY EVOLUTION, ONE CAN PROVE

bie AL~ 2P L0 tPsls sysrem s1ze
E>e ¢ IN PIRSE SPacE

IN THE MEALVRED CACE, EVOLYTION 1L WNONLINTAR,
HENCE Ng, NCED NOT GE 28RO, |

® A S/Mtae SITUATION EXISTS Fok MEASURED
CLasliCar SYSTEMS

s —=m =T

\Bu SR
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bar=0nCt, k=18-1 LySpunor aeponams (average, max and min)
Ll T L T

a

man -

02

'hbar=0p01, k=1e2 Lyapunov ssponents (Everage, mex and min)
T L] v L

hbar=0p01, k=1 Lyapunov exponems (verage, max and min)

/’.J}I.I\J(‘I-r\la\u\lutgl:.;fl.lr-.- e

W~

max
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oiscussion OF RESuULTS
N \n KLEPPNER , CRIRIKOV

@ ELUCBATION OF EXTRALTION OF /CLARLICATL TRAIECTORIES From
QUANTUM MECHANICS (AID HENCE LSO OF CULASSICAL CHros)
® 7HE COMNECTION OF QUANTUM TRAJIECTORIES WITH M EASVREMENT
ANALYLEL — TRAJIECTORIES PeOVIDE A DESCrIPTION OF
REAL -wOR LS EXPERIMENTS (E.6., LASER READ VT OF MIRROR
POSITION, SET REAOOJUT oF Z)zonmhozsioab
o PROVIDED STRONG EVIBENCE THAT  OuAnTUM  CHAOL  OxisTs
Y 0BSERVED DYNAM!ICAL SYLTEME
o OQUESTIONS !
¥ WHART |8 THE NATURE OF THE LYAPUNOV LPETTRUM
IN THE GQUANTUM REGIME — Do IT MIRROR  THE
PROPERTIES OF THE SPECTRUM FpR CGUASSICATL HAMILTONIAN

oYNAMICS ..V

W WHAT 1S THE SIGNIFICANCE 0F UNITARITY VIOLATION
(8T STILL POSITIVE EVOLWTION) N OPBN  SYSTEM
DYNANMICS VIS-A-viS THE EMERGENCE OF C4AoS ?

W ow AN WE VUNDERSTAWND THE PRE CiLE eoLE
OF WNOISE i QUANTUM AT - ACTION v THE
EMERGENCE ©OF OwAol 7
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CLAGSICAL LYAPUNOY EXPONENTL. CAnN B8E CONNGRTED
TO TRANSPORT COEFEIUENTS N SOME SYSTEME - willL

THS  ALSO HAPPEN WITH THE QUANTUM EXPONENTS 7
PoSSIBLE EXPERIMENTAL TESTS --

WHAT urRapPPEVNS IN HIGHER O;aﬂz.n_.oz.n\ MORE OLOEnHREES

oF Peeeoom (SPiN), €Tc. ¢
70 ENSGMBLE MEASUREMENTS, WHAT (AN

EXTENSION
NE EXPECT ?

DEVELOPMENT OF A “KAM' THEDPRY FoR THE QUANTIM
EMERGENCE OF CHADS , SMOOTHN QR AREUPT TRANLITION ?

T™™HL 1S POSSIBLY THE
MosT EXUTING GUESTION
Bur PROMISES To RE€
very pieFicoLt /

0BSEMVATION
STRENKGTA AL A

PARAMETER OF
NINUNEARITY — A

NGWN DYNAMICAL
KNOB. NEEDS A

THEDRY - - T e R R 1

A
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